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Abstract 
Studies on the impact of micronutrient levels during different pregnancy periods on child 
psychomotor functions are limited. The aim of this study was to evaluate the association 
between maternal plasma concentrations of  selected micronutrients, such as: copper (Cu), 
zinc (Zn), selenium (Se), and child neurodevelopment. The study population consisted of 539 
mother-child pairs from Polish Mother and Child Cohort (REPRO_PL). The micronutrient 
levels were measured in each trimester of pregnancy, at delivery and in the cord blood. 
Psychomotor development was assessed in children at the age of 1 and 2 years using the 
Bayley Scales of Infant and Toddler Development. The mean cord plasma Zn, Cu and Se 
concentrations were 1.1 ± 0.3 mg/l, 0.6 ± 0.3 mg/l and 31.1 ± 8.2 ug/l, respectively.  There 
were no statistically significant associations between Cu levels and any of the analyzed 
2 
 
domains of child development. A positive association was observed between Se level in the 
1st trimester of pregnancy and child language and motor skills (β=0.2, p=0.03 and β=0.3, 
p=0.005, respectively) at one year of age. Motor score among one-year-old children decreased 
along with increasing Zn levels in the 1st trimester of pregnancy and in the cord blood (β=-
12.1, p=0.003 and β=-6.5, p=0.03, respectively). A similar pattern was observed for the 
association between Zn level in the 1st trimester of pregnancy and language abilities at one 
year of age (β=-7.4, p=0.05). Prenatal Zn and Se status was  associated with lower and higher 
child psychomotor abilities, respectively, within the first year of life. Further epidemiological 
and preclinical studies are necessary to confirm the associations between micronutrient levels  
and child  development as well as  to elucidate the underlying mechanisms of their effects.  
 
Highlights 
 We assessed associations between micronutrient levels in pregnancy and child 
neurodevelopment. 
 There were no associations between Cu levels and any domains of child development. 
 A positive association was observed between Se and child language and motor skills. 
 A negative association was found between Zn and child language and motor skills 
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1. Introduction 
Pregnancy is a period of increased metabolic demands mainly due to the changes in a 
woman’s physiology and requirements of a growing fetus. Nutrients and growth factors 
regulate brain development during fetal and early postnatal life. The developing brain is 
particularly vulnerable to nutritional insults as the rapid trajectory of several neurologic 
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processes, including synapse formulation and myelination (Georgieff, 2007; Georgieff and 
Rao, 2001; Dobbing, 1990; Rao and Georgieff, 2000; Kretchmer et al., 1996; Thompson and 
Nelson, 2001). Thus, certain nutrients, such as: proteins, essential fatty acids, iron, zinc, 
copper, iodine, selenium, vitamin A, choline and folate, are especially significant for the 
developing brain (Nyaradi et al., 2013).  
Effects of any nutrient deficiency or its excess on the brain development is a function 
of its requirement for a nutrient in specific metabolic pathways and structural components 
(Georgieff, 2007; Georgieff and Rao, 2001; Dobbing, 1990; Rao and Georgieff, 2000; 
Kretchmer et al., 1996; Thompson and Nelson, 2001). Zinc (Zn) is an essential element with a 
multitude of biological functions, which plays an important role in brain development and 
synaptic plasticity (Shah and Sachdev, 2006; Frederickson and Danscher, 1990). In particular, 
Zn is not only  a component of several enzymes but it is found in synaptic vesicles in areas of 
the brain endowed with high plasticity such as cortex and hippocampal mossy fibers; Zn is 
also involved in the metabolism of thyroid hormones, hormone transportation, receptor 
binding as well as in the metabolism of neurotransmitters (Shah and Sachdev, 2006; 
Frederickson and Danscher, 1990; Nakashima and Dick, 2009; Morley et al., 1980; Golub et 
al., 1995). Studies have shown an association between prenatal Zn deficiency and infant 
psychomotor development (Yang et al., 2013; Boroujeni et al., 2009; Benton and ILSI Europe 
a.i.s.b.l., 2008; Cetin et al., 2010; Leung et al., 2011; Georgieff, 2007). On the other hand, 
there is growing evidence suggesting that excess of Zn can exert neurotoxic action, lead to 
cellular damage in vitro (Yang et al., 2013; Zhu et al., 2012) as well as in vivo (Kong et al., 
1998) and can be associated with decreased child psychomotor development (Yang et al., 
2013; Hamadani et al., 2002).  
 Copper (Cu) is a crucial cofactor for copper-containing enzymes that function in a 
number of important processes, including energy production, oxidant defense, extracellular 
4 
 
matrix (ECM) protein crosslinking, immune function, blood cell maturation, neuropeptide and 
catecholamine synthesis, myocardial contractility, iron mobilization and trafficking (Uriu-
Adams et al., 2010; Turski and Thiele, 2009; Gambling et al., 2011). The existing studies 
indicate that balance between Cu and iron assures proper neurocognitive and neurobehavioral 
development (Cetin et al., 2010; Gambling et al., 2011; Gambling et al., 2008; Georgieff, 
2007; Leung et al., 2011; Uriu-Adams et al., 2010; Beard et al., 2003; Penland and Prohaska, 
2004; Gybina and Prohaska, 2006; Beard, 2008; Prohaska and Gybina, 2005). 
 The well-known biological role of selenium (Se) is mainly associated with 
selenoproteins, which are involved in the antioxidant defence system and thyroid hormones 
metabolism (Rayman, 2012; Jablonska et al. 2013; Roman et al., 2014; Holmgren and Lu, 
2010). Studies indicate that both low and high levels of Se can have impact on child 
neurodevelopment (Yang et al., 2013; Skröder  et al., 2014). In our previous analysis prenatal 
Se status was associated positively with child psychomotor abilities within the first two years 
of life (Polanska et al., 2016a). 
On average, for adults, Se intake of 70 μg/day (2014), Cu intake of 1.3 mg/day (2015) 
and Zn (2014) intake of 7.5 mg/day is recommended by the European Food Safety Authority, 
with increasing requirements among pregnant and lactating women (European Food Safety 
Authority). The nationally representative dietary survey data from eight European countries, 
including Poland, has highlighted that there is a risk of low intakes of essential trace elements 
in specific population and age groups (Mensink et al., 2013). That analysis has indicated that 
1.1% of women in Poland had Cu intakes below the lower reference nutrient intake (LRNI - 
intake value below which it is unlikely that normal health can be maintained over longer 
periods) and 13.1% below the estimated average requirement (EAR – the intake adequate for 
50% of the population). These estimates for Zn were: 4.6% and 16.6%, respectively. Mean Se 
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contents in the daily food rations collected from various public canteens and group of students 
ranged from 20 to 59 µg/day (Jablonska et al., 2013). 
 The existing studies evaluating influence of Zn, Cu and Se levels on children’s 
development have produced conflicting results, mainly because of the lack of a valid indicator 
and assessment of these micronutrients. Therefore, the aim of this study was to evaluate the 
impact of the micronutrients: Cu, Zn, Se, measured in the blood collected in pregnancy and in 
the cord blood, on psychomotor development of children enrolled  in the prospective Polish 
Mother and Child Cohort study - REPRO_PL (REPRO_PL).  
2. Methods 
2.1. Study design and population 
The analyses were based on the mother-child pairs from the Polish Mother and Child 
Cohort Study (REPRO_PL cohort) - a multicenter prospective cohort established in 2007 that 
examines the relationship between environmental (including heavy metals, phthalates, 
polycyclic aromatic hydrocarbons) as well as lifestyle/psychosocial determinants (including 
smoking, alcohol consumption, stress, family functioning, BMI, physical activity, 
microelements and vitamins) and multiple aspects of the development and health of a child 
(Polanska et al., 2009; Polanska et al., 2011; Polanska et al., 2016b). The detailed description 
of the cohort methodology has been published previously (Polanska et al., 2009; Polanska et 
al., 2011). Briefly, the women were invited to participate in the cohort if they fulfilled the 
following inclusion criteria: up to 12 weeks of single pregnancy, no assisted conception, no 
pregnancy complications and no chronic diseases.  
Based on the study protocol, the women were interviewed once in each trimester of 
pregnancy to collect and update socio-demographic data, medical and reproductive history as 
well as  information about environmental, lifestyle and occupational exposure. During each 
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visit and after delivery, biological samples (including saliva, urine, blood, hair and cord 
blood) were  collected.  
Child’s exposure, health status and neurodevelopment were evaluated at one year of 
age and the assessment was repeated when the child reached the age of 24 months (Polanska 
et al., 2011).  
The current analysis was restricted to 539 children who have been examined for their 
neurodevelopment. Among them 303 children had both assessments (at one and two years of 
age), 198 were examined only at around 12 months of age and 38 only at 24 months of age 
(Table 2). The following factors were responsible for losses in the follow-up: refusal, child 
health problems, unknown address or telephone number and unknown reasons (Polanska et 
al., 2016b).     
The study was approved by the Ethical Committee of the Nofer Institute of Occupational 
Medicine, Lodz, Poland and a written consent was obtained from all the study subjects.  
 
2.2. Micronutrients assessment 
Blood samples were collected from each woman during the first (8th - 12th  week of 
pregnancy), second (20th - 24th week of pregnancy), third (30th – 34th week of pregnancy) 
trimester of pregnancy, at delivery and from the cord, using a venoject system free from trace 
elements with lithium heparin as an anticoagulant. After centrifugation, the plasma was 
collected and frozen at −20∘C until the analysis. Plasma Zn and Cu concentrations were 
analyzed by means of the flame atomic absorption spectrometry (FAAS) (Agarwal and 
Henkon, 1985). This method had been validated using the reference material (lyophilized 
human reference serum samples of Seronorm from Nycomed Pharma AS, Oslo, Norway) and 
through participation in the interlaboratory comparison trials. Measurements of plasma Se 
concentration were performed using the graphite furnace atomic absorption spectrometry 
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(GFAAS) on a Unicam Solar 989 QZ apparatus with Zeeman effect background corrector, in 
accordance with the modified method of Nève et al. (Neve and Molle, 1986; Neve et al., 
1987). Accuracy of the method for Se determination was verified using internal quality 
control of the certified reference material BCR-637 (IRMM, Belgium), where reference value 
and measured concentration were: 81.0 µg / L (in the range 74-88 µg /L) and 82.5 ± 0.7 µg / 
L, respectively, and external quality control of the German External Quality Assessment 
Scheme (G-EQUAS) for analyses in biological materials. 
 
2.3. Child psychomotor assessment 
 The Bayley Scales of Infant and Toddler Development (Bayley 3rd edition) was used to 
assess children’s neurodevelopment at one and two years of age. Details regarding child 
psychomotor assessment have been published elsewhere (Polanska et al., 2016a; Polanska et 
al., 2011).  
 
2.4. Covariates 
The following covariates were evaluated: parental age and education; marital status; socio-
economic status (SES); child gender; major pregnancy complications which appeared after 
inclusion into the study; type of delivery; gestational age and birth outcomes; breastfeeding; 
number of siblings; day care attendance; cigarette smoking and alcohol consumption during 
pregnancy as well as child environmental tobacco smoke (ETS) exposure within the first two 
years of live. Details regarding socio-demographic and birth outcome data collection as well 
as prenatal/postnatal ETS exposure have been described elsewhere (Polanska et al., 2016a; 
Stragierowicz et al., 2013). In the current analysis, the women whose cotinine level in saliva 
was equal to or higher than 10 ng/ml were defined as active smokers (SRNT Subcommittee 
on Biochemical Verification, 2002).  
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2.5.  Statistical analysis  
Levels of microelements in each trimester of pregnancy, at delivery and in cord blood and 
psychomotor developmental scores at 1 and 2 years of age are summarized by means, 
standard deviation, and minimum and maximum values in the overall group of children. 
Correlation between microelement levels and psychomotor developmental scores was 
examined by the Pearson linear correlation coefficient. The multivariate linear regression was 
performed to assess the effect of  Zn, Cu and Se levels measured during the 1st trimester of 
pregnancy and in cord blood, on child psychomotor developmental scores at 1 and 2 years of 
age, and on the developmental score variation between 1 and 2 years of age. Following the 
study protocol, data on micronutrients was theoretically available for each visit; however, as a 
result of organizational (i.e., the lack of samples or usage of the samples for other purposes) 
and financial reasons (in that case randomly selected samples were evaluated), not all the 
samples were analyzed for micronutrient levels. In particular, the number of samples collected 
during the second and the third trimester of pregnancy for which micronutrients were 
available was much lower, thus micronutrient levels measured at these time points were not 
included in the multivariate analyses. The final multivariate models were performed on 239 
subjects at 12 months assessment and 168 subjects at 24 months assessment, for which there 
were both Zn, Cu and Se in the 1st trimester of pregnancy and in the cord blood, and the 
confounding variables that were known to affect child’s psychomotor development: examiner, 
mother age, mother education, child gender and smoking status based on the cotinine level. 
The variance inflation factor (VIF) was computed for any variable in each model to verify the 
presence of multicollinearity among explanatory variables, that could be excluded in the case 
of VIF values all lower than 5. Regression coefficients are reported together with their 
standard errors. STATA software was used for the statistical analyses. 
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3. Results  
3.1. Parental and child characteristics 
Parental and child characteristics are summarized in Supplementary materials (Tables 
S1, S2). A high percentage of the women were married (75%), employed (85%) and had a 
university degree (63%). Alcohol consumption during pregnancy was indicated by 9% of the 
women and, based on the cotinine level in saliva, 15% were classified as smokers. About 7% 
of the children attended day care at one and 23% at two years of age. ETS exposure after birth 
was noted for 36% of the children.  
The mean composite scores for cognitive, language and motor development were on 
an average or high average level (Table 1). A positive correlation was observed for each 
subscale of the Bayley test results for one year assessment (p≤0.001) and between cognitive 
and language as well as motor and language functions (p≤0.001) for two-year assessment 
(Table 3). The correlation was weaker for comparisons performed  between one and two years 
of age.  
 
3.2. Micronutrient concentrations during pregnancy 
The micronutrients concentration in the blood collected in each trimester of 
pregnancy, at delivery and in the cord blood is presented in Table 1. Mean Zn concentration 
was higher in cord blood (1.1±0.3 mg/l) and in the 1st trimester of pregnancy (0.9±0.3 mg/l) 
than in the other measurement periods (p<0.001). Mean plasma Cu concentration was slightly 
lower in the 1st trimester of pregnancy (2.0±0.6 mg/l) and remained fairly constant during the 
two other periods of pregnancy and in the maternal blood collected at delivery (2.4±0.6 mg/l 
in the 2nd trimester, 2.6±0.5 mg/l in the 3rd trimester and 2.4±0.7 mg/l at delivery). Cu 
concentration was significantly lower in the cord blood than in pregnancy period (0.6±0.3 
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mg/l) (p<0.001). Mean Se concentrations decreased throughout pregnancy and at delivery 
(from 48.4±10.5 ug/l in the 1st trimester to 38.4 ±11.8 ug/l at delivery) (p<0.001). Correlations 
between different microelements as well as their concentrations in different time periods are 
presented in Table 2.  
 
3.3. Association between micronutrient concentrations and child psychomotor development 
Table 4 presents the association between maternal micronutrient levels and child 
neurodevelopment with adjustment for confounders. There were no statistically significant 
associations between Cu levels in the blood collected during the 1st trimester of pregnancy 
and in the cord blood and any of the analyzed domains of child development. A positive 
association was observed between Se level in the 1st trimester of pregnancy and child 
language and motor skills (β=0.18, p=0.03 and β=0.25; p=0.005, respectively) at one year of 
age. Data concerning the effect of Se levels on child psychomotor development at the age of 
two years are in the same direction, although, taking into account power limitations for that 
associations, it was not statistically significant. Interestingly, motor scores among one-year-
old children decreased along with increasing Zn levels in the 1st trimester of pregnancy and in 
the cord blood (β=-12.07, p=0.003 and β=-6.51, p=0.03, respectively). A similar pattern was 
observed for the association between Zn level in the 1st trimester of pregnancy and language 
abilities at one year of age (β=-7.37, p=0.05).  
An additional analysis regarding micronutrient levels during pregnancy and the change 
in psychomotor development scores between 1 and 2 years of age is presented in Table 5. Cu 
in the 1st trimester of pregnancy appears to positively affect the change in the motor 
developmental score, even if this effect is not fully statistically significant (p=0.06).   
 
4. Discussion 
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Our prospective cohort study indicated a positive association between Se level in the 
1st trimester of pregnancy and child language and motor skills at one year of age. In addition, 
motor and language scores decreased along with increasing Zn levels and there were no 
statistically significant associations between Cu levels and any aspects of child development.  
Micronutrient concentrations are different in pregnant than in non-pregnant women. 
Plasma Zn concentration begins to decline in early pregnancy and continues to decline 
until delivery, when it is about 35% below its level in non-pregnant women (Wasowicz et 
al. 1993, King, 2000; Cetin et al., 2010; Yang et al., 2013). Significant decrease of Zn 
concentration was also observed in our study (from 0.9 mg/l in the 1st trimester of 
pregnancy to 0.77 mg/l at delivery). This decline in Zn levels has been attributed to 
hemodilution and/or different Zn affinity to plasma proteins as the consequence of 
hormonal changes during pregnancy and it can resulted from active transportation of Zn 
from the mother to the fetus (Wasowicz et al., 1993, King, 200). The median level of cord 
plasma Zn (1.05 mg/l) in our study was similar to that reported in Arctic Canada (1.1 
mg/l) and higher than that reported in China (0.73 mg/l) (Butler Walker et al., 2006; Yang 
et al., 2013). In earlier study performed in Poland cord plasma Zn level was 0.8 mg/l 
(Wasowicz et al., 1993). The other study in Poland (although not covered pregnant 
women) has indicated the mean intake (analytical data) of Zn of 8.9 mg/day (5.3 mg/day 
calculated from 24-h diet recalls), which is comparable to the mean Zn intake in Spain 
(7.6 mg/day) and lower than that in Germany (10.9 mg/day) (Jablonska et al., 2013;  Flynn 
et al., 2009). Similar results have been also obtained for 18 - 60 year-old females in a 
nationally representative dietary survey data from eight European countries (Mensink et al., 
2013).  
Based on the existing data, intake of Se varies hugely worldwide from low to even 
toxic concentrations with the mean values of 40 μg/day in Europe, and 93 μg/day in the 
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United States (Rayman, 2012). The detailed discussion regarding Se levels observed in our 
cohort has been published previously (Polanska et al., 2016a). It is worth noting that in Poland 
plasma Se level  was 48 μg/l in the studies performed between 1981 and 1983 and above 30 
μg/l in that performed between 1997 and 1999 and between 2007 and 2009 (REPRO_PL 
study) (Zachara et al., 1986; Jablonska et al., 2013; Wasowicz et al., 2003; Polanska et al., 
2016a).  
In our study, mean plasma Cu concentration increased throughout the pregnancy 
period (from 2.0 mg/l in the 1st trimester of pregnancy to  2.4 ml/l in the 2nd and 2.6 mg/l in 
the 3rd trimester of pregnancy). This is consistent with the results reported in other studies on 
pregnant women (Pathak 2004). Studies have found that the increase in Cu level during 
pregnancy is mainly in a bound form due to an increase in the carrier proteins, ceruloplasmin 
in response to stimulation by maternal estrogens (Pathak et al., 2004; Martín-Lagos et al., 
1998; Kalra  et al., 1989; Dokumov, 1968). With regard to the mean Cu intake in Poland, 
based on the female population, it was 1.1 mg/day, which was similar to that observed in 
France (1.2 mg/day), The Netherlands (1.1 mg/day), the UK (1.1 mg/day) and lower than that 
reported in Germany (2.2 mg/day) (Mensink et al., 2013; Flynn et al., 2009). Jablonska et al. 
have indicated the mean intake of Cu to be 1.4 mg/l (based on analytical data) and 0.8mg/day 
(based on data calculated from 24-h diet recalls) (Jablonska et al., 2013).  
Our findings support the existing evidence indicating a significant role of Se in the 
brain and behavior development. We observed a positive association between Se level in the 
1st trimester of pregnancy and child language and motor skills at one year of age. It is 
important that the data concerning the effect of Se levels (also in cord blood) on child 
psychomotor development at the age of two years are in the same direction, although not 
statistically significant. In the study by Skröder et al., similarly to our observations, an 
increase in the maternal Se concentration has been associated with improvement in children’s 
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language and psychomotor development (Skröder et al., 2015). What is interesting is that in 
the study by Yang et al. both low (<100 µg/l) and high (≥100 µg/l) levels of cord serum Se 
had adverse effects on neonatal neurodevelopment (Yang et al., 2013). However, in our 
assessment, a maximum Se level in cord plasma was 56 μg/l, which is much lower than the Se 
level observed  by Yang et al., so performing an analysis for a high Se level had no point. 
More details on the impact of Se on child psychomotor development can be found in our 
previous publication (Polanska et al., 2016a). 
The existing studies evaluating the impact of Zn supplementation during pregnancy as 
well as Zn level in the maternal and/or cord blood on child development are not consistent. As 
an example, two studies have found no effect of Zn supplementation during pregnancy on 
child psychomotor development (Tamura et al., 2003; Caulfield et al., 2010), while in two 
other studies, a negative effect of Zn supplementation on developmental outcomes has been 
observed (Hamadani et al., 2002; Wehby and Murray, 2008). In the study by Yang and 
coworkers a cord serum Zn level ≥ 0.794 mg/l had an adverse effect on neonatal 
neurobehavioral development (Yang et al., 2013). This is in agreement with what we 
observed in our study – decreasing motor and language scores with increasing Zn levels. It is 
important to be aware of the fact that in the present study, in about 88% of the cord blood 
samples Zn level was higher than the threshold determined by Yang et al. (Yang et al., 2013). 
To explain the negative effects of Zn on psychomotor scores at one year, it is worth 
mentioning that Zn may have both neuroprotective and neurotoxic properties. Specific 
mechanisms underlying Zn neurotoxicity have been described by linking excess Zn to 
oxidative stress and increased rate of cell death (Morris and Levenson, 2012; Yang et al., 
2013). Furthermore, given the pivotal role of Zn in glutamate neurotransmission, it can be 
expected that even relatively slight changes in vesicular Zn levels during early 
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neurodevelopment may influence cortical/hippocampal synaptogenesis and possibly later 
behavioural functions (Nakashima and Dick, 2009). 
We have not found statistically significant associations between Cu levels and any 
aspects of child neurodevelopment; however, some studies in this field indicate that such 
associations exist, and that balance between Cu and iron assures proper child neurocognitive 
and neurobehavioral development (Cetin et al., 2010; Gambling et al., 2011; Gambling et al.,  
2008; Georgieff, 2007, Leung et al., 2011; Uriu-Adams et al., 2010; Beard et al., 2003; 
Penland and Prohaska, 2004; Gybina and Prohaska, 2006;  Beard, 2008; Prohaska and 
Gybina, 2005).  
 An advantage of the current analysis is the assessment of micronutrient status based 
on measurement of Zn, Cu and Se in the blood over pregnancy period and not just on the 
questionnaire data regarding diet and supplements. What is important is the fact that our 
analysis evaluates the impact of all the three micronutrients (included in the multivariate 
model) on child psychomotor development. Additionally, in comparison to the existing 
studies, the current analysis takes advantage on inclusion of a variety of potential confounding 
factors and the use of a well-standardized test evaluating neurodevelopmental effects in young 
children (Bayley 3rd edition). 
Nevertheless, limitations of the study are also worth noting. We were not able to assess 
dietary habits of the women in order to include them in the analysis, and we did not 
measure/or include internal exposure to other essential and neurotoxic elements such as Fe, 
Mn, As, Cd, Pb, Hg. Additionally, although we measured micronutrient levels in different 
pregnancy periods (for a substantial proportion of children) the final sample, taking into 
account availability of the data, was limited.  
 
5. Conclusion 
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In conclusion our study showed that prenatal Zn and Se status was significantly 
associated with child psychomotor abilities within the first years of life. It needs to be 
highlighted that micronutrient levels in pregnant women depends on dietary sources and they 
are influenced by hormonal and metabolic changes through pregnancy period. Our results 
support the need of assuring proper nutritional status of women to prevent detrimental 
nutritional unbalance (Cetin et al., 2010),  and indicate that micronutrient supplementation 
during pregnancy should be considered with more caution especially under optimal 
conditions. The effects here reported, and those of Zn in particular, appear to be transient as 
they are no more evident at 2 years of age. However, follow-up of this population may be 
useful to exclude effects on neuropsychological functions at later ages. Altogether, further 
epidemiological and preclinical studies are needed to confirm the association and elucidate 
the underlying mechanisms of these effects.  
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